The interactions of n-hexane, benzene, chloroform, and tetrahydrofuran with dried (amorphous) chromia (I) and chromia heated at 1073 K (crystalline) (II), both obtained from a colloidal dispersion, and a commercially available chromia (III) were studied by inverse gas chromatography (IGC) under finite surface coverage conditions. The isotherms, in the temperature range 383 -423 K, were used to estimate the surface area, the adsorption energy distribution, the isosteric heat of adsorption, and the spreading pressure on the surfaces of the solids. The uniformly reduced adsorption ability of the heated chromia was attributed to the dehydroxylation of the surface at the higher temperatures. Both solids showed an increased affinity toward chloroform molecules, as a result of strong acid-base interaction.
INTRODUCTION
Adsorption onto the chromia surface occurs in many technological systems, such as catalysis, ceramics, microelectronics, painting, flotation, cosmetics, nutrition, and so on. Also, it takes part in processes occurring in the environment. In both the gas-solid and liquid-solid interface, the nature of the intermolecular interactions across the interfaces are of great importance, and often govern the overall process. 1 In the first part of this work, 2 inverse gas chromatography (IGC) at zero surface coverage was applied to investigate the surface characteristics (the dispersive components of the surface free energies, enthalpies, entropies, and the acid/base constants) of the solids obtained from colloidal chromia, by means of their interaction with different organics, and to examine the effects of the heat treatment on the adsorption characteristics. This paper presents data on the determination of the adsorption isotherms, the isosteric heat of adsorption, the adsorption energy distribution, and the spreading pressures, for the adsorption of several common organic molecules.
IGC has been applied for several decades as a method for obtaining the sorption isotherms of various organic compounds on a solid surface. The theory relating the chromatographic data to the adsorption parameters has been thoroughly reviewed elsewhere. 3, 4 Under finite coverage conditions, the retention volume depends on the amount of adsorbate in the gas phase, resulting in non-ideal isotherms and, hence, asymmetrical peak shapes. Using the ideal gas law, the amount of an organic compound adsorbed onto an adsorbent packed into a chromatography column, a, may be estimated from the common relation 4 :
The terms in the equations are given in the list of symbols. Provided that the adsorbate density, molecular weight, as well as the volume injected are accurately known, and F c remains constant, the partial pressure of an adsorbate, p, may be calculated as follows 4 :
The flow rate of the mobile phase, usually measured at the column outlet, is converted to the corrected flow rate, F c , for column temperature, T, using the James-Martin gas compressibility correction factor, j. 5 This correction is important due to the sorption effect introduced when the mole fraction of adsorbate exceeds 0.01. 4 The term a = f(p) in Eq. (1) is one form of the adsorption isotherm. In practice, a = f(p) is found using the expression 6 :
Hence, from the a(p)-(p) data, it is possible to draw the adsorption isotherm and to evaluate the related parameters.
EXPERIMENTAL
The adsorbent in solid form was prepared by controlled coagulation of a stable chromia dispersion, followed by extensive washing of the precipitate with deionized water. The material was then dried in an air oven at 150 ºC for 24 h. A portion of the obtained solid was further treated by heating at 800 ºC for (additional) 4 h. These two solids were denoted as (I) and (II), respectively. The third used sorbent (III) was a commercially available chromia (Fluka 27085).
The obtained materials were investigated by inductively coupled plasma atomic emission spectroscopy (ICP-AES), energy dispersive X-ray spectrometry (EDXRF) and X-ray diffraction (XRD). ICP-AES and EDXRF showed the presence of trace amounts of potassium, chlorine, aluminum and calcium. According to XRD, the obtained solid structure (I) was amorphous whereas solid (II) was demonstrated to have crystalline form.
All the solids were sieved through 0.1 mm mesh sieves and poured into a 0.25 m long (2.2 mm ID) stainless steel chromatographic column. After the column had been conditioned, overnight in a nitrogen flow at 150 ºC, IGC experiments were performed. The BET specific surface area of the solids was measured using the nitrogen gas adsorption method after completion of the IGC experiments.
Retention data were obtained using a Spectra-physics model SP7100 gas chromatograph with a flame ionization detector (FID). Varian Star 4.5 software was applied to collect and compute the data. The FID was maintained at 250 ºC, the injector at 220 ºC, and the column temperature was in the range of 110 to 150 ºC with 10 ºC intervals. Purified nitrogen was used as the carrier gas at a flow rate of 3.0 ml/min. Methane was used as an unretained compound to determine the dead volume. Appropriate corrections for the pressure drop along the column were made on the basis of the pressure at the injection and outlet ports. The retention times and peak areas were based on the average of several injections for each sample and condition. Adsorbate amounts from 0.1 to 10 ml were injected.
The following compounds, supplied from various commercial sources, were used as IGC adsorbates: n-hexane (n-C 6 H 14 ), benzene, chloroform (CHCl 3 ), and tetrahydrofuran (THF), as representatives of aliphatic, aromatic, acid, and basic compounds, respectively. They were of HPLC grade and used as received.
RESULTS AND DISCUSSION
The fronts of all peaks were vertical and sharp suggesting that the predominant factor governing the bandwidth was isotherm curvature, typical for finite coverage conditions IGC ( Fig. 1 ). However, with very small injection volumes (<< 0.1 ml), the peaks tended to become Gaussian. The points of each peak maximum for different injected amounts of the adsorbate resulted in a characteristic line, drawn when the peaks were superimposed. 4 
Monolayer coverage and specific surface area
The adsorption isotherms for the selected compounds (n-C 6 H 14 , CHCl 3 , benzene, and THF) on solids I, II, and III were obtained in the range 383-423 K. The adsorption isotherms of n-C 6 H 14 for all three sorbents are presented in Fig. 2 for two temperatures. The isotherms of the selected organics on solid I are shown in Fig. 3 . For the sake of clarity only some of the plots are displayed in Figs. 2 and 3, but similar curve shapes were observed for the adsorption of other probes. The a = f(p) plots were converted to the linear form of the well-known BET isotherm 7, 8 : p
where C is a constant related to the heat of adsorption, and a m is the amount of adsorbate adsorbed in a monolayer. The p o values were calculated according to the Antoine equation using literature data for n-C 6 H 14 , 9 CHCl 3 , 10 benzene 10 and THF. 11 In the linear range of the adsorption isotherms (0.05
, a m and C were estimated from the slope and the intercept of the straight line according to Eq. (4). The BET plots in the indicated range gave excellent linearity for each adsorbate (r ³ 0.999), except for CHCl 3 on substrate I where the correlation coefficients were slightly lower (r ³ 0.991). The obtained data for C, and a m , are collected in Table I .
The adsorption of n-hexane occurs via dispersive forces. The other three adsorbates have the ability to establish specific interactions with the chromia surfaces. Previous IGC measurements at zero surface coverage 2 showed the highly basic character of solid I, the basic character of II, and the slightly basic character-close to amphoteric character of solid III. Therefore, THF is expected to establish repulsive forces with the surface hydroxyl groups, whereas CHCl 3 acts as a strong Lewis acid. It could be expected that the difference in the acid-base interactions of these two compounds with the surfaces become insignificant when multilayer coverage exists. The specific surface area of the solids, S a , may be estimated from the adsorption isotherm of the selected adsorbate using the following relation:
For the calculation of the area of a solid covered by an adsorbate molecule, s, it was presumed that each adsorbate molecule had twelve nearest neighbors in a close hexagonal packing, arranged on the solid surface in the same way as on a plane surface immersed into the bulk liquid of the adsorbate. 12 This approach is common in IGC. [13] [14] [15] Accordingly, the molecule area of contact with the chromia is:
where M, N, and r are readily available, and A s = 1.091. The factor A s clearly depends on the way the molecules are packed on the surface with monolayer coverage. This varies for a given adsorbate depending on the nature of the solid, and the mobility of the adsorbed molecules. Except for spherically symmetrical molecules, the factor A s is also influenced by the orientation of the molecules relative to the surface. In this work the effective dimensions of the adsorbate molecules and the way they are packed together in the films were not evaluated. Instead, the numerical values of S a of the selected organic molecules obtained from Eq. (5) were compared with the BET specific surface areas of solids measured by the nitrogen gas adsorption method. The specific surface areas of the three chromias are shown in Table II , from which it is evident that chromia I has the highest S a value, chromia II the lowest, while chromia III has a slightly higher value than chromia II. However, the S a values are temperature dependent, which results from the density gradient across the temperature range.
Comparing the specific surface areas obtained by IGC and by the standard N 2 gas adsorption method, if can be seen that the data for samples I and II agree reasonably well, S a/N2 (I) = 75 m 2 /g, and S a/N2 (II) = 9 m 2 /g. However, in the case of sample III, the BET result is much lower S a/N2 (III) = 4 m 2 /g. Repeated measurements, using both techniques, confirmed the values obtained. Further evaluation is needed to elucidate discrepancy in S a and S a/N2 . One thought is that the IGC adsorbate has a greater ability to associate with the chromia surface. The mechanism can be explained by the fact that there is a great number of hydroxyl groups interacting through donor-acceptor type interactions, as well as through dispersive forces. Hence, the thermally treated solid II has a more homogeneous surface, and lower number of active hydroxyl groups capable of interacting with adsorbate molecules, and as a consequence, surface I is much larger. 
Isosteric heat of adsorption
The isosteric (at constant surface coverage) heat of adsorption, q st , is determined using the Clausius-Clapeyron equation, as follows: Fig. 4 presents plots of q st versus a for the indicated adsorbate. It is clear from Fig. 4 that the variation of q st with a is very complex. Distinct maxima for q st are observed for all adsorbates on solids I and III. These extremes correspond to the maxima of adsorption energy, and are located in the vicinity of the corresponding monolayer surface capacity. With low coverage, very great changes in the q st values are noted, depending on the adsorbate. With increasing adsorbed amount, q st approaches a constant value. This indicates strong adsorbate/surface interactions at the beginning of the adsorption process, but not in all instances, i.e., for all adsorbates, the attractive forces are predominant. It is common in IGC that the q st values at higher surface load-ing approach asymptotically the respective heats of evaporation, D vap H. [14] [15] [16] [17] [18] This results from the conversion of the adsorption-desorption process into evaporation from the pure liquid surface. However, as reported, in some cases q st may follow an unexpected trend, particularly at low coverage. 18 In the present work, the difference between q st and D vap H o in most adsorbate/adsorbent combinations suggests a strong influence of the solid surface on the adsorbate uptake even beyond a monolayer. The isosteric heats of adsorption of n-C 6 H 14 , and CHCl 3 on the solid II surface showed no maximum. They asymptotically approached a constant value, which was below the bulk heat of evaporation D vap H o , for THF and benzene, equal to D vap H o for n-C 6 H 14 , but greatly exceeding D vap H o for CHCl 3 .
Adsorption energy distribution
For the quantitative interpretation of the surface energetic heterogeneity, the adsorption energy distribution function, c, related to the isotherm a(p,T) can be found from the equation:
where q(e,p,T) is the local isotherm of surface sites with the same e. To calculate c, the terms derived by Rudzinski et al. 19 were used:
where the e function was estimated as:
. 21 The values for D vap H o were taken from the literature. 22 From the obtained isotherms, the functional dependencies of p on a were derived, and the latter was applied to calculate e and c. The adsorption energy distribution functions of the adsorption sites measured with benzene on solid II are shown in Fig. 5 for three temperatures. The distribution functions for the selected adsorbates on solid II are presented in Fig. 6 . Distribution functions on solids I, II, and III, measured with benzene at 423 K, are given in Fig. 7 .
The obtained dependencies relating the number of sites with a given energy to discrete adsorption energy values vary from one solid/adsorbate pair to another in terms of the site number, but do not vary significantly in terms of the curve shapes. Both the shifting of peaks toward higher energies, and a much larger number of sites at higher temperature were observed. The values of c when CHCl 3 was the adsorbate are several times higher than those of the other adsorbates, which is attributed to the strong acid-base forces. Generally, c is not only a characteristic of the solid itself, but is strongly dependent on the type of the solid/adsorbate combination as well. 23 As a consequence of the more intensive adsorption on solid I, the c values are uniformly higher, which suggests that thermal treatment causes a reduction in the number of sites on the chromia surface. 
Spreading pressure
The spreading pressure, p, is defined as the difference between surface free energy at the solid/gas interface and the solid/liquid interface. 24 It is dependent on the uptake of adsorbate vapour onto the solid surface. To estimate p the integrated form of Gibbs' adsorption equation 13 was used:
Typical plots of p versus p/p o , for n-C 6 H 14 at five different temperatures are given in Fig. 8 The parameter p, as a measure of the decrease in the surface energy due to adsorption, becomes higher with increasing coverage. Also, the p values are uniformly higher at higher temperatures. Commonly, for lower p values, lateral adsorbate/adsorbate interactions are negligible, but the adsorbate/adsorbent forces are strong. On the other hand the reverse occurs at higher p values.
CONCLUSIONS
The adsorption of n-hexane, chloroform, benzene, and tetrahydrofuran on two types of solids obtained from a colloidal chromia dispersion and a commercial chromia were analyzed using the BET theoretical model. The properties of the solid surface as well as the nature of the adsorbate govern the uptake of adsorbate by chromia. The isosteric heat of adsorption approaches the constant value with increasing adsorbate loading. The adsorption energy distribution values differ for each solid/adsorbate pair, in terms of the site number, but show similar trends. The estimated spreading pressures, at saturated vapour, decrease gradually with temperature. Chloroform, due to its ability to establish strong acid-base interactions, exhibits very intensive adsorption. Comparing the adsorption data obtained for dried and heated chromia, it can be concluded that the applied heat treatment leads to a reduction in the number of active adsorption sites and, therefore, produces more homogeneous surfaces. Ispitivane su interakcije n-heksana, hloroforma, tetrahidrofurana i benzena, sa povr{inama~vrste faze laboratorijski dobijenog koloidnog hrom(III)-oksida i komercijalnog hrom(III)-oksida, metodom inverzne gasne hromatografije (IGC) pri kona~noj prekrivenosti. Adsorpcione izoterme su dobijene za dva uzorka~vrste faze dobijene iz sola hrom(III)-oksida, su{enu~vrstu fazu sola (423 K, uzorak I), amorfne, i`arenu (1073 K, uzorak II), kristalne strukture, kao i za komercijalni hrom(III)-oksid kristalne strukture, u temperaturnom opsegu 383 -423 K. Iz dobijenih izotermi izra~unate su: vrednosti specifi~nih povr{ina, funkcije raspodele energije na povr{ini, izosteri~ne toplote adsorpcije i pritisak adsorbata na povr{inama. Zna~ajno mawa adsorpciona mo} uzorka II pripisana je dehidroksilaciji povr{ine u toku prethodnog tretmana na visokim temperaturama. U oba slu~aja~vrsta povr{ina pokazuje poja~ani afinitet prema hloroformu, usled uspostavqawa sna`nih kiselo-baznih interakcija. 
